Ultra-broadband optical frequency combs are important resources for emerging applications, including precision spectrograph calibration [1] , quantum optics [2] , and arbitrary pulse synthesis [3] . Optical waveforms coherently synthesized from carrier-envelope-phase (CEP) controlled parent pulses were recently reported using both Ti:sapphire [4] and optical parametric amplifiers [5] , as well as molecular modulation of a Raman resonance [6] , with the high peak powers and low repetition frequencies of the resulting pulses making them of principal interest in strong-field physics, while high repetition frequency synthesis has been reported using Erbium technology [7] , albeit with a limited frequency bandwidth. Here, we demonstrate a new source of multi-color CEP stabilized pulses from a high repetition frequency femtosecond optical parametric oscillator (OPO) [8] which can be coherently combined to synthesize a composite frequency comb spanning the visible region and which exhibits only 132 attoseconds of mutual timing jitter over a one-second observation window, making the output essentially indistinguishable from that which would be generated by a single mode locked oscillator if a laser of such exceptional bandwidth existed.
The piecewise assembly of a composite frequency comb from a number of parent pulse sequences requires that their repetition frequencies and carrier-envelope offset (CEO) frequencies be locked to a common value [9, 10] , and has been demonstrated between two mode locked lasers with the same [11] and different [12] gain media, circumventing the bandwidth limit imposed by their individual emission spectra, but requiring sub-cycle timing jitter to be achieved between them [13] . The parent oscillators must be synchronized in both repetition rate and CEO phase with extreme precision. Such stabilization requires complex locking electronics, and thus far demonstrations of pulse synthesis have been limited to combining parent pulses from only two individual oscillators.
In contrast to multiple-laser approaches, a synchronously pumped femtosecond OPO provides parent pulses of different wavelengths by means of simultaneous parametric, sum-and difference-frequency generation processes within the OPO cavity. These pulse sequences are intrinsically synchronized to one another and to their pump laser, itself a mode locked oscillator. Photonenergy conservation in χ2 frequency conversion processes ensures that the CEO frequencies of the pump, signal, and idler combs generated by an OPO are related by [14] , and CEO-frequency control in an OPO has been demonstrated in a number of embodiments [15] [16] [17] . Stabilization of the CEO and repetition frequencies is a necessary, but not sufficient, condition for achieving a multi-color phase-coherent composite comb because separate provisions are needed to ensure that the absolute phase fluctuations between separate comb components are kept well below 2π. The frequencies of the individual components can be selected via the phase matching conditions of the nonlinear crystal and extended through further intra-cavity doubling and sum-frequency generation, allowing for broadband tunability.
The parent pulse sequences for our experiment took the form of broadband pump (p, 800 nm), secondharmonic signal (2s, 530 nm), and pump-signal sumfrequency (ps, 456 nm) pulses with tens-of-milliwatts level average power (0.5 nJ pulse energy) produced by a Ti:sapphire-pumped PPKTP femtosecond OPO operating at 100 MHz (Fig. 1) . The technique of zero-offset CEO locking [18] was used to set the CEO frequencies of the participating combs to zero, resulting in the creation of a composite comb in which all the comb lines lie on integer multiples of the repetition frequency.
Zero-offset locking achieving f p CEO f s CEO f i CEO 0 was implemented by using two feedback loops to stabilize the heterodyne beats between a pump supercontinuum and the frequency-shifted pump + idler and second-harmonic signal pulses [19] . The coherence properties of this comb are critically determined by the mutual timing jitter of the pulses and the quality of the two CEO locks, which can introduce phase slips if they are insufficiently stable. Phase noise power spectral density (PSD) measurements for both locking loops (Fig. 2) show that over a one-second observation time (set by the lower frequency bound of the integrated cumulated phase noise), the accumulated phase-slips for both loops were less than 3% of an optical cycle, comparing well with previously published results [20] and indicating that residual CEO fluctuations are responsible for only a small amount of decoherence between the pulses.
The collinear pump, frequency-doubled-signal, and sum-frequency pump-signal beams from the OPO were steered into a quasi-common-path (QCP) prism delay line for both pulse compression and group-delay compensation ( Fig. 1) . The beams were dispersed by a fused silica prism then collected by three larger fused silica prisms, each positioned at a distance chosen to achieve optimal pulse compression at the subsequent measurement plane. Mirrors placed after each prism pair were used to form a folded four-prism compressor for each pulse; their positions were translated to compensate for the temporal walk-off between the pulses. A vertical tilt was added to pick off the returning beams, which were sent into a cross-correlation frequency-resolved optical gating (XFROG) apparatus [21] .
The pump beam was separated from the visible pulses with a dichroic beam splitter and acted as the gate. The polarization of the visible pulses was rotated by 90°and recombined with the pump with a polarization beam splitting cube. An off-axis parabola focused the beams into a BBO crystal [30 μm BBO crystal cut at 45.6°for Type II sum-frequency mixing (SFM)], and the SFM beams were reimaged using an aluminum spherical mirror into an ultraviolet optical spectrum analyzer (OSA, 227-450 nm). The p, 2s, and ps pulses were individually compressed in the prism delay line to approach their transform-limited durations (with higherorder dispersion terms resulting in a small residual chirp) and characterized in the XFROG; the pump was compressed first to ensure chirp-free gating pulses for the XFROG characterization of the visible pulses. The XFROG trace and corresponding retrieval data were used to obtain the relative delays between the pulses.
A balanced cross-correlator [22] was used to measure the mutual timing jitter between the pulses and was based on the XFROG apparatus described above, with the delay stage set at a fixed position and the ultraviolet OSA replaced with a silicon photodiode. Independent timing jitter measurements were performed between the p and the 2s pulses and the p and ps pulses. In each case, the delay was adjusted to a position where the SFM light generated in the BBO crystal varied linearly with small displacements of the delay stage. The photodiode signal was amplified and digitized using a 12-bit data acquisition card and a recorded calibration, which linearly mapped this signal to delay. The amplifier was used to fill the dynamic range of the acquisition card and to record and remove the average signal, ensuring that the recorded data represented the fluctuations about the mean value. Using the previous calibration, these intensity changes were mapped into delay fluctuations, providing a measure of the instantaneous timing jitter between the pump and the visible OPO pulses. The PSD of this timeseries provided the timing jitter frequency dependence, the integral over which gives the cumulative timing jitter over any chosen observation time.
Cross-correlation measurements between the p, 2s, and ps pulses (Fig. 3) reveal how stabilizing the CEO of the resonant pulses reduces their jitter relative to the pump from 950 attoseconds-a substantial fraction of a carrier cycle-to 132 as over a one-second observation period. This reduction derives from the extreme Fig. 1 . Multi-pulse coherent synthesis and characterization scheme. Red (p, 800 nm), green (2s, 530 nm), and blue (ps, 456 nm) pulses from the OPO were separated in a prism-based compressor-delay line which allowed their phase, group-delay, and group-delay dispersion to be controlled. The pulses were adjusted to achieve temporal overlap and optimal compression in the downstream cross-correlator and XFROG apparatus used for characterization. Fig. 2 . In-loop phase noise power spectral density (PSD) with all CEO frequencies locked to zero. Phase noise PSD (blue) and cumulative phase noise (red) for (a) the idler and (b) the pumpsecond-harmonic signal CEO frequency. The cumulative phase noise integrated up to 1 MHz is (a) 0.11 rad and (b) 0.18 rad over a one-second observation time. Fig. 3 . Mutual timing jitter measurements. (a) Power spectral density and cumulative jitter between the pump and SHG signal pulses and (b) the pump and pump-signal SFM pulses when both CEO locking loops are unlocked (black) and locked (green). With both CEO loops locked, the cumulative mutual timing jitter between the pulses is 132 as. precision with which CEO locking also stabilizes the OPO center wavelength. Even in a common-path scheme, group-delay dispersion maps wavelength fluctuations into the time domain, with uncompensated GDD equivalent to 1 mm of silica causing a jitter of 250 as for a 1 nm variation of the shortest wavelength pulses. Consequently, active control of the OPO wavelength is critically important, and is achieved automatically in our scheme by the same feedback loops used to stabilize the CEO frequencies.
The cross-correlation is sensitive to contributions from both timing and intensity instabilities, so the recorded timing jitter τ MEAS is composed of the true timing jitter τ JITTER and the relative intensity noise (RIN) contribution to jitter τ RIN :τ With the CEO locking off, the RIN contribution to the cumulative timing jitter was of the order of 50 as. When zero-offset CEO locking was established, the RIN timing jitter contribution for the pump and OPO pulses dropped to 8 as and 12 as respectively. The contribution of RIN fluctuations to the overall timing jitter was therefore small, the primary contribution arising from temporal drifts. Controlling the CEO frequencies of the pump and the OPO to establish both phase and wavelength stability remains the primary factor that determines the mutual timing jitter between the overlapping pulses.
An XFROG measurement of the composite frequency comb (Fig. 4) shows that the pulses are temporally overlapped and nearly transform limited after the QCP delay line. The retrieved temporal profile (Fig. 4(d) ) is composed of a sequence of several high-contrast 2.2 fs pulses on a 39 fs duration pedestal. Such a pulse train could find applications in highly nonlinear phenomena, for example, high harmonic generation: the response due to the pulses other than at the peak are sufficiently suppressed, which, coupled with spectral filtering, can enable the generation of isolated attosecond pulses [23] . Alternatively, the pulse train can be utilized in stroboscopic style experiments [24] or coherent control of periodic dynamics [25] , whereby the delay between adjacent pulses can be tuned to match the process via frequency selection of the individual pulses through the phase matching conditions of the OPO.
The pulses in the train are in phase, as demonstrated collectively by our jitter and CEO measurements. The relative phase of the parent pulses can be readily adjusted by sub-wavelength changes to their relative optical delays. However, XFROG is agnostic to this phase difference and cannot measure it; we have assumed zero relative phase for the composite pulse reconstruction. Potentially, spectral interferometry between the pulses and a pump supercontinuum could reveal this phase difference at a given target location.
The results presented here are not an intrinsic limitation of the setup described, but rather an embodiment of a specific permutation of the OPO cavity optics, nonlinear crystal, and characterization method. The CEP stabilized second-harmonic pump (2p, 400 nm) and pump-idler sum-frequency (pi, 642 nm) pulses were also accessible from the exit mirror of the OPO, and could be compressed in a similar manner as detailed above. Sumfrequency phase matching conditions in the selected characterization crystal precluded characterization of the 2p pulses, which could be addressed by using an alternative technique such as DFG-XFROG [26] . The choice of poling period in the PPKTP crystal for parametric gain did not provide efficient phase matching for pi generation; however, using cascaded [17] or chirped [27] grating periods can improve this efficiency, as well as allow the direct generation of other sum-frequency or harmonic outputs from the OPO.
In conclusion, by exploiting the natural synchronism of pulses from a femtosecond optical parametric oscillator, we have shown for the first time to the best of our knowledge how parent-pulse sequences of three different colors can be used to assemble a composite frequency comb, whose mode structure and coherence are indistinguishable from those associated with a single mode locked oscillator. Just as low-phase-noise ultrafast lasers provided the basis for high resolution dual-wavelength pump-probe techniques, the mutual timing jitter of much less than one optical cycle exhibited by this unique source creates new opportunities for nondegenerate phase-coherent pump-probe measurements, for example in resolving the coherent redistribution of energy among electrons in a complex molecule [28] .
The ability to carrier-envelope stabilize and shape several multi-color pulses while maintaining a low jitter phase lock opens up the possibility of generating subcycle pulses to study and control electronic processes on attosecond time-scales [29] , particularly in nanoplasmonics [30] , where the low field strengths and high repetition rates are ideally suited. For example, collective electron dynamics can be controlled in surface plasmons [31] and strong field phenomena can be achieved via field enhancement in metal tips leading to field ionization of electrons and extreme ultraviolet (XUV) attosecond pulses via high harmonic generation [32] . Such systems only require peak field strengths of 10 10 -10 11 W∕cm 2 , obtainable with a few tens-of-milliwatts average power at 100 MHz, leading to a time-averaged electron/XUV flux that can be much higher than that achieved with high energy kilohertz repetition rate lasers systems simply because of the factor of 10 5 increase in repetition rate.
